To date, much of the adhesion work in the liver has been restricted to sinusoids and postsinusoidal venules. However, selectins have been localized on the portal (presinusoidal) venules and these vessels have been shown to be important in metastasis of tumors. The purpose of this study was to characterize the leukocyte-endothelial interactions within the 3 compartments of the hepatic microvasculature under baseline conditions and in response to tumor necrosis factor ␣ (TNF-␣). Mice deficient in P-selectin or both E-and P-selectin were compared with wild-type (C57Bl/6, wild type) mice. Animals were injected with murine TNF-␣ (15 g/kg intraperitoneally [IP]) and the liver was examined by fluorescence intravital microscopy 4 hours later. Under baseline conditions, leukocyte flux in the portal venules was 1.42 ؎ 0.42 cells/min. Leukocyte flux in the portal venules of wild-type mice increased 8-fold in response to 4 hours of TNF-␣ stimulation. This was reduced by 50% in the P-selectin-deficient mice but was not reduced further by either the addition of an E-selectin antibody (9A9, 100 g intravenously [IV]) to these mice or in mice deficient in both E-and P-selectin. In P-selectindeficient mice, the addition of an antibody against ␣ 4 -integrin (R1-2, 75 g IP) reduced rolling to baseline. But in the E-and P-double-selectin-deficient mice the addition of an antibody against L-selectin (Mel 14, 3 g/kg IV) had no effect on TNF-␣-induced recruitment. Similar responses were seen in the central venules, however, in the sinusoids the increased number of stationary leukocytes seen in response to 4 hours of TNF-␣ stimulation in the wild-type mice was not reduced in P-selectin-deficient mice with or without the ␣ 4 -integrin antibody. These data suggest that leukocytes can use ␣ 4 -integrin independent of the selectins in the venules. Within the sinusoids, however, inhibition of E-selectin, P-selectin, and ␣ 4 -integrin was insufficient to reduce leukocyte recruitment. (HEPATOLOGY 2000;31:1123-1127.)
The classic paradigm of inflammatory cell recruitment is a 4-step process involving initial tethering, rolling along the endothelium, followed by firm adhesion, then emigration out of the vasculature. Although the mechanisms of leukocyteendothelial cell interactions have been well characterized for vascular beds such as the mesentery, 1 the cremaster muscle, 2 and the dermis 3 of various species these tenets appear to not hold true for organs such as the liver. 4 In the narrow, low-flow sinusoidal circulation of the liver, tethering and rolling as a requirement for firm adhesion was not dependent on selectins. 4 Mediators such as LTC 4 or endotoxin, which induced selectin-dependent rolling in numerous vascular beds, induced selectin-independent adhesion in the sinusoids. 5, 6 It is unclear whether this was a result of the low shear rates and physical trapping within the liver microcirculation or the fact that the selectins are not required for leukocyte-endothelial cell interactions in the liver. One possible explanation for a lack of a selectin role may be a dominant role for ␣ 4 -integrin, which has been shown to support rolling and adhesion in vitro, albeit at lower shear rates. 7 However, a role for ␣ 4 -integrin has not been examined in detail in the hepatic microvasculature.
Much of the attention in the hepatic circulation to date has focused on total leukocyte recruitment without much attention to specific portions of the microvasculature. This is not trivial in as much as there are clear differences in adhesive responses in sinusoids and postsinusoidal vessels. Additionally, unlike other vascular beds where flow enters via arterioles, which do not support leukocyte adhesion, the portal (presinusoidal) venules present the majority of the incoming blood flow to the liver. Selectins and cellular adhesion molecules have been localized to the endothelium within these vessels. 8, 9 In addition, the portal venules have been identified as the primary site for malignant cell adhesion 10, 11 and in the leukocyte infiltration associated with primary biliary cirrhosis. 12 Therefore, examination of the mechanisms involved in leukocyte recruitment in all 3 compartments of the liver microcirculation in the presinusoidal, sinusoidal, and postsinusoidal vessels is required to properly assess the role of adhesion molecules in the liver.
Therefore, the objectives of the present study were to characterize the roll of the selectins and the ␣ 4 -integrin in leukocyte recruitment of the hepatic microcirculation, specifically in the portal (presinusoidal), sinusoidal, and central (postsinusoidal) vessels. We chose tumor necrosis factor ␣ (TNF-␣), a cytokine that is an important modulator of inflammatory diseases of the liver that has been extremely well characterized to induce all of the adhesion molecules (P-selectin, E-selectin, L-selectin ligand, VCAM-1, and ICAM-1) in numerous organs and does not cause significant hemodynamic alteration associated with, for example, endotoxin or other bacterial products. To this end we have made use of both selectin-deficient mice as well as murine-specific monoclonal antibodies where necessary.
MATERIALS AND METHODS
Intravital Microscopy in the Mouse Liver. Mice deficient in P-selectin or both E-and P-selectin were originally generated as described, 13, 14 then backcrossed on to C57Bl6 for at least 7 generations. These mice have been used to maintain our breeding colonies and housed in specific pathogen-free facilities. Male C57Bl6 mice (Charles River Laboratories, Quebec, Canada) were used as wild-type controls. Animal protocols were approved by the University of Calgary Animals Care Committee and met the Canadian Guidelines for Animal Research. Mice were anesthetized with a mixture of ketamine (200 mg/kg) and xylazine (10 mg/kg) injected intraperitoneally (IP). The right jugular vein was cannulated to maintain anesthesia and for the injection of fluorescent dye and the monoclonal antibodies. The abdomen was opened via a midline incision, the skin and peritoneum were removed close to the costal margin, and the hepatoform ligament was carefully released from the gall bladder. Mice were then placed in a left lateral position on a Plexiglass form (Universal Plastics, Calgary, Canada) and the left lobe of the liver was gently flipped out onto the stage as previously described. 15 The liver was covered with Saran Wrap (Dow Brands, Ontario, Canada) and the intestines were kept close to the abdomen in their anatomic position and covered with saline-soaked gauze. Animals were kept warm with an infrared heat lamp.
Leukocyte Parameters. Animals received 0.3 mg/kg Rhodamine 6G (Sigma, St. Louis, MO) IV, a mitochondrial vital dye preferentially taken up by leukocytes and platelets but not endothelial cells. The hepatocytes also take up the dye, 16 primarily those hepatocytes adjacent to the portal venules; this allows rapid distinction between the portal venules and the central venules. Rhodamine 6G-associated fluorescence was visualized by epi-illumination at 510 to 560 nm, using a 590-nm emission filter.
After the liver was isolated and placed under the intravital microscope, the portal zones were located. Within each field of view (2.1 ϫ 10 4 mm 2 ) 1 venule and 8 to 10 sinusoids were observed. A separate postsinusoidal venule and draining sinusoids were also located. In general, for each animal, observations were based on 1 or 2 presinusoidal or postsinusoidal venules and their adjacent lobule. A microscope (Optiphot-2; Nikon Inc., Mississauga, Ontario, Canada) with a ϫ40 water immersion lens (40/0.55 WI; Nikon, Tokyo, Japan) was used to observe the microcirculatory events on the surface of the liver. A silicon-intensified fluorescent camera (Solamere, Salt Lake City, UT) was mounted on the microscope and projected the image onto the monitor and the images were recorded for playback analysis using a videocassette recorder. The number of rolling and adherent leukocytes was determined offline during video playback analysis. Leukocytes were considered adherent to the venular endothelium or within the sinusoids if they remained stationary for 30 seconds. Rolling leukocytes were defined as those with a torsional motion within a given vessel.
Experimental Protocol. Immediately after finding an appropriate vessel the image was recorded for 1 minute. The first set of experiments involved baseline assessment of the portal venules in C57/Bl6 (wild-type) mice over 30 minutes. Recordings were taken at 0, 15, and 30 minutes.
In the subsequent experiments, murine TNF-␣ (Genzyme, Cambridge, MA) 15 µg/kg was injected IP and the mice were studied 4 to 5 hours later. This concentration of TNF has been shown to increase P-selectin expression in the portal and central venules of the liver. 6 The TNF-␣ response was first compared between the wild-type animals and mice deficient in P-selectin. In another set of P-selectindeficient animals, a baseline recording was made and the animal was injected with an anti-E-selectin antibody (Ab) (9A9, 100 µg intravenously [IV]) (a gift from Dr. B. Wolitsky). 17 Similarly, the E-/P-double-selectin-deficient mice were studied 4 to 5 hours after TNF-␣ injection. This response was compared with the E-and P-selectin-deficient mice that received an anti-L-selectin Ab (Mel 14, 3 mg/kg IV) (PharMingen, San Diego, CA) immediately after an initial baseline recording. In a final set of experiments the ␣ 4 -integrin Ab (R1-2, 75 µg IP) (PharMingen) was injected into the P-selectin-deficient mice at the same time as the TNF-␣ and the liver was observed 4 hours later.
Statistical Analysis. The data are presented as the mean Ϯ SEM. ANOVA and Student' s t test with Bonferroni' s correction were used for multiple comparisons. Statistical significance was set at P Ͻ .05.
RESULTS

Leukocyte-Endothelial Interactions Occur in the Portal Venules
Under Baseline Conditions. The initial experiments were performed to assess whether leukocyte-endothelial interactions could be visualized under baseline conditions in the minimally disturbed portal venules. We visualized both rolling and, occasionally, adhesion in the unstimulated portal venules. Although the leukocytes moved through the sinusoids, no rolling motion was noted (Fig. 1) . Interactions within the portal venules were stable over the 30 minutes of observation with a mean leukocyte flux of 1.42 Ϯ 0.42 cells/min (Fig. 1) . This is comparable to the rolling flux observed under baseline conditions in the central venules ( Fig. 1 ) and to our previous results. 4 Leukocyte adhesion was minimal (0.3 Ϯ 0.15 cells/field of view) in the portal venules under baseline conditions (Fig. 2) . than that observed within either the portal or central venules and accounted for the majority of adhering leukocytes.
TNF-Induced Leukocyte Rolling Is Partially Dependent on P-
Selectin. As shown in Fig. 3 , the increase in leukocyte flux seen in both the portal and central venules in response to TNF-␣ stimulation was reduced by 60% in the P-selectindeficient mice but was not further reduced by the addition of the murine E-selectin Ab 9A9. Within the portal venules this 60% reduction in rolling flux was insufficient to significantly reduce leukocyte adhesion (Fig. 4) . Within the portal venules the addition of the E-selectin Ab 9A9 had no effect on the number of adherent leukocytes. There was a small reduction in the number of stationary leukocytes in both the sinusoids and the central venules but, again, there was no additional reduction in leukocyte adhesion with the addition of an anti-E-selectin antibody.
Leukocyte Flux in the Portal Venules Is Also Dependent on
␣ 4 -Integrin. As shown in Fig. 5 , when ␣ 4 -integrin Ab was injected concomitantly with TNF-␣ in the P-selectindeficient mice the rolling flux was reduced to control levels in both the portal and central venules. Addition of the ␣ 4 -integrin antibody reduced adhesion to near control values in both the portal and central venules of the P-selectin-deficient mice (Fig. 6) . However, the antibody had no effect on the number of stationary leukocytes accumulated in the sinusoids in response to TNF-␣ stimulation (Fig. 6 ). Mice deficient for both E-and P-selectin responded to TNF-␣ in a similar fashion to P-selectin-deficient mice or P-selectindeficient mice treated with the E-selectin antibody (Table 1) . Finally, in contrast to the results with ␣ 4 -integrin, the addition of the L-selectin antibody Mel 14 to the TNF-␣-FIG. 2. Leukocyte adhesion increases in all 3 compartments of the hepatic microcirculation in response to TNF. The number of stationary or adherent leukocytes were measured in wild-type mice under baseline conditions (con) (n ϭ 6) or in response to 4 hours of murine TNF stimulation (15 µg/kg IP) (n ϭ 5). *P Ͻ .05 compared with control. FIG. 3 . TNF-induced rolling flux in the liver is partially dependent on P-selectin but not E-selectin. Leukocyte rolling flux was observed 4 hours after TNF injection in the portal and central venules of wild-type mice (n ϭ 5), P-selectin-deficient mice (n ϭ 4), and P-selectin-deficient mice treated with a murine E-selectin Ab (9A9, 100 µg IV at 4 hours) (n ϭ 5). () Wild type; (ᮀ) P-selectin deficient; (6) P-selectin deficient plus E-selectin Ab. *P Ͻ .05 compared with wild type .   FIG. 4 . TNF-induced leukocyte adhesion is partially reduced in the sinusoids and central venules but not the portal venules in the P-selectindeficient mice. The number of stationary or adherent leukocytes were measured in wild-type mice 4 hours after TNF stimulation (15 µg/kg IP) (n ϭ 5) and compared with P-selectin-deficient mice (n ϭ 4) and P-selectin-deficient mice treated with a murine E-selectin Ab (9A9, 100 µg IV at 4 hours) (n ϭ 5). () Wild type; (ᮀ) P-selectin deficient; (6) P-selectin deficient plus E-selectin Ab. *P Ͻ .05 compared with wild type.
FIG. 5. TNF-induced leukocyte flux is also dependent on the ␣ 4 -integrin. Rolling flux was compared among control (unstimulated) wild-type mice (n ϭ 6), the P-selectin-deficient mice 4 hours after TNF (n ϭ 5), and the P-selectin-deficient mice treated with TNF and an ␣ 4 -integrin Ab (R1-2, 75 µg IP injected at the same time as the TNF) (n ϭ 3 to 5). () Control; (ᮀ) Pselectin deficient; (Z) P-selectin deficient plus ␣ 4 -integrin Ab. *P Ͻ .05 compared with control. t P Ͻ .05 compared with P-selectin-deficient mice without antibody.
treated E-/P-double-selectin-deficient mice had no effect on either rolling or adhesion (Table 1) .
DISCUSSION
Increases in TNF-␣ contribute to leukocyte recruitment in response to bacterial infection, 18 ischemia/reperfusion, 19 and trauma. 20 Because hepatic TNF-␣ production from Kupffer cells may promote leukocyte recruitment within the liver, we chose to characterize the role selectins and the ␣ 4 -integrins play in the leukocyte-endothelial interactions in response to this single cytokine. In this study we describe leukocyteendothelial interactions in the 3 separate compartments of the hepatic microvasculature. We have shown that the portal venules, much like the central venules of the liver, are capable of supporting leukocyte rolling and adhesion. We have also shown that in response to TNF-␣ both the portal and central venules respond with an increase in rolling flux. This rolling flux is partially dependent on P-selectin, an effect not further enhanced by E-or L-selectin. We have also shown that an integrin, specifically ␣ 4 -integrin, accounts for the remaining selectin-independent rolling. Our study also shows that TNF-␣-induced firm adhesion within the portal and central venules is ␣ 4 -integrin dependent; however, blocking the selectins and ␣ 4 -integrin had very little impact on the number of stationary leukocytes within the TNF-␣-treated sinusoids.
In murine models of inflammation, P-selectin expression on vascular endothelium is induced by 2 potential mechanisms. In response to stimuli such as histamine or LTC 4 , P-selectin is rapidly mobilized from storage granules known as Weibel-Palade bodies. 21, 22 P-selectin expression can also be increased through de novo transcription and translation in response to agents such as TNF-␣. 23 In a recent study, 5 we showed that the central venules were incapable of responding to histamine or LTC 4 , suggesting a lack of the first mechanism. By direct contrast, in this study when the liver was stimulated with TNF-␣ there was a significant increase in rolling flux in the venules that was reduced by 20% to 50% in the P-selectin-deficient mice. These observations are consistent with the liver being able to synthesize P-selectin. Indeed, P-selectin messenger RNA is not present in the unstimulated liver, 6, 8 but is seen after stimulation with endotoxin, TNF-␣, or interleukin-1␣, 6 suggesting that within the liver microcirculation, endothelial P-selectin protein is not immediately available but requires transcription and translation. Noteworthy is the fact that TNF-␣ (in this study) recruited leukocytes in part via P-selectin whereas endotoxin, which, in addition to causing P-selectin expression, also causes hemodynamic disturbance, did not require the presence of P-selectin for sinusoidal leukocyte recruitment. 6 It is likely that the difference is owing to the hemodynamic alterations associated with endotoxin infusion.
More surprising is the apparent lack of a role for either E-or L-selectin in our study. Hepatic E-selectin expression has been shown to increase in response to endotoxin 8 and metastatic tumors. 24 However, in the present study, 4 hours of TNF-␣ stimulation, E-selectin did not appear to play a role in TNF-induced hepatic leukocyte recruitment despite the fact that E-selectin is up-regulated in numerous tissues in the mouse at this time. 17, 25 In fact, E-/P-double-selectin-deficient mice lack the ability to recruit any leukocytes into the cremaster or peritoneum at 4 hours of TNF-␣ stimulation. 13 Similarly, leukocyte recruitment in a murine model of hepatic ischemia/reperfusion has been shown to be dependent on L-selectin, 26 and TNF-␣-induced rolling in other murine tissues is L-selectin dependent. 2 However, in the present study, addition of an L-selectin antibody had no effect on the TNF-␣-induced leukocyte endothelial cell interaction in the E-/P-selectin-deficient mice. Clearly, immunoneutralization of all 3 selectins was not sufficient to completely inhibit rolling in pre-or postsinusoidal vessels.
This study identifies the nonselectin leukocyte rolling in the liver as the ␣ 4 -integrin. Specifically, an antibody against the ␣ 4 -integrin was able to reduce both leukocyte flux and adhesion in the portal and central venules to baseline levels. The ␣ 4 -integrin is expressed on the surface of mononuclear cells and in rodent systems on neutrophils. 27 It is involved in leukocyte recruitment in chronic inflammation such as arthritis, 27 ,28 viral infection, 29 and myocardial injury. 30, 31 On TNF-␣-stimulated endothelium it has been shown to be responsible for leukocyte adhesion. 32 Previous data have shown that ␣ 4 -integrin can also support rolling in chronic inflammation but in concert with the selectins. 33 In this study FIG. 6 . TNF-induced leukocyte adhesion is ␣ 4 -integrin dependent in the venules but not the sinusoids. Adhesion was compared among control (unstimulated) wild-type mice (n ϭ 6), the P-selectin-deficient mice 4 hours after TNF (n ϭ 5), and the P-selectin-deficient mice treated with TNF and an ␣ 4 -integrin Ab (R1-2, 75 µg IP injected at the same time as the TNF) (n ϭ 3 to 5). () Control; (ᮀ) P-selectin deficient; (Z) P-selectin deficient plus ␣ 4 -integrin Ab. *P Ͻ .05 compared with control. t P Ͻ .05 compared with P-selectin-deficient mice without antibody. we have shown that within the liver ␣ 4 -integrin-dependent rolling can in part be independent of the selectins in the portal and central venules. One explanation may be the lower shears present within the liver microcirculation. 34 This would be consistent with the observation that ␣ 4 -integrin tethers at lower shear forces. 7 Finally, despite the reduction in venular recruitment, ␣ 4 -integrin-antibody treatment had absolutely no impact on the number of stationary leukocytes in the sinusoids. Essani et al. 35 have shown that despite an increase in VCAM-1 expression on sinusoidal endothelium and Kupffer cells in response to endotoxin stimulation (associated with increased ␣ 4 -integrin expression on circulating neutrophils), blocking VCAM-1 had no effect on the number of leukocytes accumulated in the sinusoids. 33 Although this latter study could be explained by the potential recruitment via selectins, our work extends this view to suggest that no known tethering molecules (selectins or ␣ 4 -integrin) play a dominant role in the liver sinusoids. This suggests that other factors such as trapping within narrowed sinusoids, rigidity of the leukocyte, with some contribution from activating chemokines, may be responsible for sinusoidal leukocyte recruitment.
